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CHAPTER 1: GENERAL INTRODUCTION 
In the last 25 years there has been significant improvement of the nations aquatic 
systems due to the reduction of point-sources contributions to water supplies. However, in 
the most recent study of water quality in the United States, the Environmental Protection 
Agency classified 40% of surveyed waters too polluted for fishing, swimming, and other 
uses. The study cited agriculture as the primary source of pollution in 60% of impaired river 
miles, 30% of the impaired lake acres, and 15% of estuarine area. Siltation and nutrients 
were cited as two of the primary causes of water quality problems. Agricultural land 
comprises a large percentage of land in the United States; it is therefore not surprising that it 
is the nonpoint source of pollution that is receiving more attention in order to reduce the 
transport of sediment and nutrients to water bodies. 
Phosphorus levels in soils of many regions were originally very low and P fertilizers 
have been added to increase crop yields. However, addition of P fertilizers in excess of crop 
needs has increased soil P of many fields beyond what is necessary to maximize crop 
production. Soil test summaries show that soil P levels in excess of crop needs occur in 
many regions of the country. Additionally, there is growing concern of the increasing size 
and concentration of livestock feeding operations and their impact on water quality. Due to 
N :P ratio of manure, its application to fields according to the N needs of crops has the 
potential to create soil P levels well above optimum levels for crop growth. With the 
increase of P in agricultural soils, there has been an increase in the export of P to water 
resources. This increase in P transport, along with sediment and other nutrients, has 
increased the rate of eutrophication in many freshwater resources. Increased nutrient supply 
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to freshwaters has been associated with algal blooms, and in some cases, fish kills due to 
decreases in oxygen levels from algal decomposition. Phosphorus, in particular, has become 
the element of interest due to its role as the principal limiting nutrient in these systems. Very 
low concentrations of P have been known to accelerate algae growth. Moreover, increased 
P concentrations often increase the abundance ofN fixing blue-green algae. These algae 
provide a poor aquatic food chain base, may produce toxins, and can become a nuisance to 
the health of freshwater ecosystems. 
The purpose of agronomic soil P testing is to estimate the amount of P available for 
crop uptake. Different soil tests are used as indices of available P and are calibrated using 
several years of yield response experiments. From these experiments soil test interpretations 
and nutrient recommendations are made. In recent years, an increasing concern about 
nonpoint source pollution from agriculture has prompted questions about the suitability of 
agronomic soil tests for environmental purposes. Many soil extraction procedures have been 
proposed as environmental soil P tests and are designed to better estimate potential P loss to 
water resources. The iron-oxide impregnated strip method, first proposed in 1989, uses a 
"sink" approach to extract only loosely bound P that may be available to aquatic organisms. 
The water extraction method provides an estimate of P that may be potentially lost when the 
soil comes into contact with water. Quick tests of P saturation have also been proposed as 
alternatives to the traditional soil test; these are usually expressed as a ratio of extractable P 
and extractable Fe and Al (P/(Fe+Al)). Saturation tests take into account not only the P level 
of the soil, but also the capacity of the soil to retain P. These environmental soil P test 
methods may be better justified across variable soil conditions than agronomic tests, but they 
must be calibrated with measurements of P loss. Also, these tests are more time consuming 
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and may be less economically feasible for use on a routine basis. Thus, further research is 
needed before agronomic or environmental P tests are used to predict P loss from fields to 
surface water resources. 
The objective of this research was to relate soil and crop management practices and 
soil P assessed by agronomic and environmental P tests, to P loss through water runoff and 
subsurface drainage. The research implied evaluations in a watershed and field plots. 
Thesis Organization 
This thesis is organized to have a general introduction, two papers that will be 
submitted to Journal of Environmental Quality, and a general conclusion. Each individual 
paper has an abstract, introduction, materials and methods, results and discussion, and 
conclusion. 
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CHAPTER 2: SOIL PHOSPHORUS TESTING AND PHOSPHORUS LOADING IN AN 
IMP AIRED WATERSHED: CLEAR LAKE, IOWA. 
A paper to be submitted to the J oumal of Environmental Quality 
J.G. Klatt, A.P. Mallarino, J.A. Downing, J.A. Kopaska, and D.J. Wittry 
ABSTRACT 
Soil P concentrations, management histories, and P losses were surveyed in the Clear 
Lake watershed. This shallow, glacial lake has a watershed dominated by row crop 
production and has had large declines in water quality in the last 30 years. An extensive soil 
sampling of the agricultural area of the watershed was carried out in early fall of 1999 and 
soil P was measured by the Bray-I (BP), Olsen (OP), Mehlich-3 (M3P), iron-oxide 
impregnated strip (FeP), and water extractions (WP). A questionnaire was sent to producers 
requesting relevant management practices. Total P concentrations in water discharge were 
measured from five agricultural basins within the watershed for 2 years. Fall P incorporation 
was the dominant P application method (43%) followed by fall broadcast and spring banding 
(17% each). Chisel or moldboard plowing was the most frequent primary tillage practice 
(55%), followed by no-till (21%) and ridge-till (18%). Analyses of332 soil samples showed 
three agronomic and two environmental soil P tests were highly correlated and all tests 
identified high testing areas similarly. Field average BP values ranged from 1 to 222 mg/kg, 
and 70% of fields tested above optimum levels for crops. Soil and water analyses suggested 
that during the last 30 years both the proportion of high-testing fields and lake P 
concentrations have tripled. Total P concentration in water discharge measured from August 
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1998 to July 2000 from five agricultural basins were linearly related with soil P 
concentrations. Most P loss, 70% in one year and 86% in the other, occurred between 
February and July suggesting snowmelt and high precipitation associated with spring and 
early summer as the events affecting P loss. Both agronomic and environmental soil tests 
could be used to assess soil P in this watershed. Further adoption of improved management 
practices would reduce the risk of P delivery from the agricultural areas of the watershed. 
INTRODUCTION 
Nonpoint source pollution from agricultural fields has the potential to accelerate 
eutrophication of freshwater ecosystems. In the most recent report of water quality in the 
United States, the Environmental Protection Agency sited agriculture as the primary source 
of pollution in 60% of impaired river miles, 30% of the impaired lake acres and 15% of 
estuarine square miles (EPA 1998). Phosphorus, in particular, has received much attention 
due to its role as limiting nutrient in many freshwater ecosystems (Sawyer, 1947; 
Schindler, 1977; Correll, 1998). The application of P as inorganic fertilizers and manures is 
a common practice to maintain soil P at levels to maximize crop growth. However, soil P 
levels in many areas of the country are now above levels required to optimize crop growth 
(Potash and Phosphate Institute, 1994). This increase in soil P levels increases the risk of 
limnologically significant P concentrations reaching surface waters and accelerating 
eutrophication. 
The development of P indexes across the country have recognized that P loss from 
agricultural fields is dependent on many factors that include source factors such as soil test P 
and P applications, as well as transport factors such as hydrology and erosion (Lemunyon 
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and Gilbert, 1993; Mallarino et al., 2001 ). The most extensive body of research of these 
parameters focuses on the relationship between soil test P and P concentrations in runoff. 
Runoff phosphorus concentrations have been shown to increase with increasing soil test P 
values (Sharpley, 1995; Pote et al., 1996; Pote et al., 1999). However, the relationship 
between soil test P and P in runoff can be overridden by rainfall events after a recent P 
application (Sauer et al., 2000). Because Pis strongly sorbed to soil particles, P associated 
with eroded soil particles in many cases is the primary form of P entering surface waters 
through erosion (Vaithiyananathan and Correll, 1992). Conservation tillage, such as ridge-
till and no-till, has been shown to reduce soil erosion and sediment P loads from agricultural 
fields (Johnson et al., 1979; Ginting et al., 1998; Zhao et al. 2000). Installation of artificial 
subsurface drainage in many agricultural fields has provided an additional pathway for P to 
leave agricultural fields. Although considered negligible in many cases due to the reactive 
nature of P in soil, research has shown that significant P loads from subsurface drainage can 
occur in some situations (Sims et al., 1998). 
The purpose of agronomic soil P testing is to estimate the amount of soil P available 
for crop uptake. Different soil tests are used as indices of available P, and are calibrated 
using several years of yield response experiments. From these experiments soil test 
interpretations and nutrient recommendations are made. In recent years, an increasing 
concern about nonpoint source pollution from agriculture has prompted questions about the 
suitability of agronomic soil tests for environmental purposes. Many soil extraction 
procedures have been purposed as environmental soil P tests and are designed to better 
estimate potential Ploss to water resources. The FeP test, first developed by Menon et al. 
(1989) and later used with minor modifications by Sharpley (1991,1993) and others, uses a 
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sink approach to extract only loosely bound P that may be available to aquatic organisms. 
The WP test provides an estimate of P that may be potentially lost when the soil comes in to 
contact with water. These alternative soil P test methods may be better justified across 
variable soil conditions than agronomic tests, as they are not based on chemical extractants 
designed to extract P from pools relevant for plant uptake. These tests are also more 
environmentally sound for laboratory use (because of fewer chemicals) but are more time 
consuming for use on a routine basis. Also, their use by farmers in addition to agronomic 
tests would result in increasing soil testing costs. 
While much work has been done to study P loss from soil using field plots and 
rainfall simulations, less work had been done on a watershed scale due to difficulties in 
working with such large areas. Phosphorus losses from agricultural watersheds often occur 
unevenly across fields with small areas contributing disproportionately large amounts of P 
(Longabucco and Rafferty, 1989; Gburek and Sharpley, 1998) and are often unevenly 
distributed throughout the year (Gangbazo et al. 1997; Pionke et al. 1999). Phosphorus 
losses from artificially drained watersheds have been even less studied. However, Xue et al. 
(1998) found that subsurface drainage played a large role in the hydrology and the dissolved 
P export in a east-central Illinois watershed. 
Clear Lake is a natural, shallow glacial lake in northern Iowa with an average surface 
area of 1450 ha and an average depth of 2.9 m. The lake has had large declines in water 
quality in the last 30 years largely due to increased P concentrations. Since 1970, total P 
concentrations in the lake have tripled from 60 ug/L to 190 ug/L and water clarity has 
decreased by one-third (Downing et al., 2001). The objectives of this component of a larger 
diagnostic study were ( 1) to survey surface soil test P and management practices in the 
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agricultural area of the watershed, and (2) to relate soil test P measured with agronomic and 
environmental soil tests with P in water discharge estimates for five basins of the watershed. 
This information should help in understanding the role of P levels and management practices 
on the nutrient load to the lake and its water quality status and will help in determining 
alternatives for improving the water quality of the lake. 
MATERIALS AND METHODS 
An extensive soil sampling of the agricultural area of the watershed was carried out 
in early fall of 1999. Approximately 20% of the area could not be sampled because 
landowners denied access to their fields. The soil sampling strategy was planned based on 
available information of field borders, soil map units from order I digitized soil survey maps, 
land use, and planned fall fertilizer management. The objectives, characteristics of the 
watershed, and previous information of areas from where seemingly much of the P load to 
the lake could be derived were considered for deciding among several soil sampling 
alternatives. The sampling plan chosen was a systematic stratified sampling method in 
which predominant soil map units of each field were sampled. In a first step, small sampling 
areas about 0.1 ha in size were identified within the predominant soil map units within each 
field on the basis of digitized and georeferenced soil survey maps, georeferenced field 
borders, surface drainage, satellite photographs, and visual observations of the watershed. 
Geographical information systems (GIS) techniques and Arc View computer software were 
used to produce several layers of information. A second step involved field verification and 
modification (when necessary) of the location of the sampling points through use of hand-
held Global Positioning Systems (GPS) receivers and field observations. In a third step, one 
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composite soil sample made up of 15 to 20 soil cores were collected from the top 15 cm of 
soil of each sampling area. The GIS map in Fig. 1 shows the sample point locations. 
All soil samples were dried, ground to pass a 2-mm screen, and analyzed in duplicate 
by three agronomic and two environmental soil P soil tests, as well as ammonium acetate-
extractable K, Ca, and Mg, soil pH, and organic matter. The three agronomic soil P tests 
were the BP, OP, and M3P. The BP test is the most commonly used P test by soil test 
laboratories and farmers in Iowa and the corn belt, and the OP and M3P tests provide a 
different assessment of soil P, mainly in high-pH soils. All three of these agronomic soil 
tests are accepted for use in making P fertility recommendations in Iowa. The two 
environmental tests used were FeP as described in Menon et al. (1989) and the WP as in 
Pote et al.(1996). Procedures followed for the agronomic tests were those described in the 
North Central Region Publication 221 (Brown, 1998), which includes agronomic soil test 
procedures recommended by the North Central Region Committee for Soil Testing and Plant 
Analysis (NCR-13). 
A two-page questionnaire was mailed or delivered in person to all landowners or 
operators from whose fields soil samples were collected in order to obtain information of 
agricultural practices in the watershed. The questionnaire requested information about crop 
rotation, tillage system, rates of application and type of P fertilizer, and manure usage during 
the last five years. Soil and crop management history information was summarized 
according to field boundaries. Soil P data were summarized by field and for 12 agricultural 
basins delineated according to drainage patterns for which P loss data was estimated. Iowa 
State University soil test interpretation classes for agronomic soil tests for corn and soybean 
production were used to classify soil test ranges in this report (Voss et al., 1996). Classes 
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and values for the BP and M3P soil test P are Very Low (0 to 8 mg/kg), Low (9 to 15 mg/ 
kg), Optimum (16 to 20 mg/kg), High (21 to 30 mg/kg), and Very High(> 31 mg/kg). Olsen 
P classes are Very Low (0 to 5 mg/kg), Low (6 to 10 mg/ kg), Optimum (11 to 14 mg/kg), 
High (15 to 20 mg/kg), and Very High(> 21 mg/kg). 
Water samples were collected one to three times a month during times of flow for 2 
years at five locations which drain the major agricultural basins of the watershed. The 
sampling locations drain the basins referred to as basins 2 to 6 and are shown in Fig. I. The 
unfiltered samples were analyzed for total P by persulfate digestion according to the 
procedure outlined in the publication Standard Methods for Analysis of Water and 
Wastewater (American Public Health Association, 1994). Discharge was continuously 
monitored at one location that drained surface and subsurface drainage of one agricultural 
basin. Flow data from this continuously monitored site was combined with basin area and 
rainfall volume to determine a runoff coefficient for this basin. Flow from other basins was 
calculated using basin area, the calculated runoff coefficient and rainfall data. Phosphorus 
loading was estimated using this flow data in combination with the P concentrations 
measured in samples collected from discharge from each basin. 
An inverse-distance weighted interpolation method was used to obtain interpolated 
soil test P maps for each basin. Basins were summarized according to area-weighted 
averages using interpolated surfaces. Regression and correlation techniques were used to 
relate average soil P estimates by the five soil P tests and total P concentrations in water 
discharge for five basins of the watershed. 
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RESULTS AND DISCUSSION 
Characteristics of the Watershed 
Clear Lake has a relatively small watershed with a watershed to lake ratio of 2.3: 1. 
Land use in the watershed is dominated by row-crop agriculture (59% of area), much of 
which is artificially drained with subsurface tiles. Two small urban areas (14%) and areas of 
woodland, grassland and wetlands (27%) comprise the rest of the watershed. Runoff from 
much of the agricultural area of watershed flows through the Ventura marsh on the west side 
of the lake (Fig. I). In another component of this study, it was found that sustained P 
loading had converted this marsh into a source of P to the lake (Downing et al., 2001). Most 
of the agricultural area of the watershed is classified as prime farmland. The majority of the 
watershed has soils formed on glacial till material. Soils of the Clarion-Nicolet-Webster 
dominate, the plow layers have loam or silty-clay loam textures. The topography of the 
watershed is relatively flat with slopes less than 5 %. Ranges of chemical analyses of the 
surface 15-cm soil layers useful to describe the fields are shown in Table 1. Values of 
organic matter, Ca, and Mg are typical for these soils. The soil test K values, which ranged 
from 49 mg/kg to 502 mg/kg and averaged 170 mg/kg, indicate that there has been extensive 
but uneven K fertilization in the watershed. The optimum range for K for com and soybeans 
as recommended by Iowa State University is 90-130 mg/kg. 
Field Management Practices 
Two-thirds of surveys sent to participating producers were answered, which allowed 
us to characterize the agricultural management practices of about 60% of the fields in the 
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watershed. Summaries of relevant field history are shown in Table 2. The Clear Lake 
watershed is dominated by row-crop agriculture, and 89% of the area was in a com and 
soybean rotation. Seven percent of the area was being cropped for com continuously, and 
4% of area was either set aside as part of the Conservation Reserve Program (CRP) or under 
alfalfa or pasture. The most common tillage practice in the watershed ( 48% of the land) was 
chisel plowing in combination with disking and/or field cultivation. The remaining fields 
were split between no-till (21 %), ridge-till (18%), moldboard plow (7%), and those that 
include subsoiling (V ripping, 6% ). It is known that conservation tillage with systems such 
as no-till and ridge-till increase crop residue cover and reduce soil erosion (Johnson et al., 
1979; Gaynor and Finlay 1995; Zhao et al., 2000). No-till farming, in particular, has been 
shown to produce little erosion (Johnson et al., 1979). Although 21 % of the land was 
managed with no-till, the classification of tillage practices used was based on the most 
frequent tillage used in the previous 5 year period and therefore, farmers who chiseled or 
moldboard plowed occasionally were classified as a no-till users in this survey. Only one 
farmer was a strict no-till user during the previous 5 years. Ridge-till has also been shown to 
reduce soil erosion relative to chisel or moldboard plowing (Zhao et al., 2000). All farmers 
doing ridge-tillage in the watershed used this form of tillage during the entire 5 year period. 
Although V ripping ( a form of subsurface tillage) is considered by its users as residue 
conserving practice, erosion rates from this tillage practice are unknown. 
The most common P application method in the watershed was to incorporate the 
fertilizer into the soil in the fall by plowing, disking, or injecting. Forty-four percent of the 
land had P applied in this way. The next two most common application methods were 
broadcast in the fall without incorporation (17%) and injection or incorporation of the 
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fertilizer into the soil in the spring (17%). Applying Pin the fall is preferred by farmers 
because they have more time to do it, and the Iowa fall season is typically drier than the 
spring season. However, fall application increases the potential of Ploss with snowmelt in 
late winter or early spring. Incorporation of fertilizer by tillage reduces surface soil P levels 
and therefore potential losses with surface runoff, but may increase soil erosion and 
therefore loss of sediment-bound P. If conservation tillage is implemented, however, 
broadcast P application can increase the concentration of dissolved P concentrations in 
surface runoff (Johnson et al.,1Q79; Ginting et al., 1998; Eghball and Gilley, 1999). 
However, total Ploss can be reduced due to a proportionately larger reduction of particulate 
Ploss through reduced erosion (Barisas et al.,1977; Ginting et al., 1998). 
On average, P fertilizer was applied 2.2 times to fields during the last 5 years. When 
P fertilizer was applied, it was applied at a rate of 32 kg P/ha. For comparison, Iowa State 
University recommends 22 kg P/ha/yr be applied to soils testing in the optimum range in a 
corn and soybean rotation ( for state average grain yields). Thus, average values of number 
of applications and application rates would indicate that the fields of the watershed are being 
fertilized at rates lower than recommended by Iowa State University to maintain an optimum 
soil P level. However, there was large variability across fields in the amount of P applied. 
The amount of P applied to each field during the 5 year period ranged from 10 to 216 kg 
P/ha. Some of the high rates of application were warranted because soil test values were 
low, but in many fields rates higher than needed for optimum crop production were applied. 
Reducing these applications would improve the water quality of the lake and would benefit 
the farmer. 
Our survey showed that 11 % of the farmland had received manure at least once 
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during the previous 5 years. The responses in most cases provided insufficient data 
concerning rates of manure application. In many regions of the country, manure is applied 
close to its source at rates higher than used to supply P for crops which creates high soil P 
levels in concentrated areas. The data showed, however, very similar average soil P tests for 
manured fields and nonmanured fields in this watershed. The average M3P value of fields 
that had received manure was 34 mg/kg while the average for nonmanured soils was 40 
mg/kg. Excessive soil P due to disposal of manure is not seen as contributing to the 
problems of this lake, probably because the few farmers applying manure closely follow 
recommendations for crop production. 
To illustrate the variability of management practices in the watershed, it is beneficial 
to study specific fields within the watershed. Combination of field history information, soil 
P data, and soil survey data ( such as slope), allowed for estimating the potential of a 
particular field for P loss. Some farmers in the watershed are following management 
practices that minimize P loss. For example, one ridge-till farmer applied 26 kg P/ha twice 
during the last 5 years. The field had M3P values slightly above optimum which, although 
are lower than average in this watershed, suggest higher rates of P were applied in the past 
because all the soils of the watershed were naturally low in P. This field has slopes ranging 
from 2-5%, so it would be considered at minimal risk of P loss. Another farmer had used 
no-till on his cropland during the last 5 years. Reduced tillage in combination with relatively 
small slopes in this field (1-4%) suggests very little soil erosion. The farmer broadcast 30 kg 
P/ha in spring before planting com in a com-soybean rotation. A M3P field average of 52 
mg/kg indicates very high soil P values and that the P application in 1999 was unnecessary. 
Furthermore, subsurface banding of the P would reduce the risk of dissolved P delivery to 
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the lake. The high soil test and unnecessary P applications makes this field susceptible to P 
loss, however the reduced tillage decreases the risk of sediment P delivery. 
In contrast to these fields, another field was cropped for com continuously during the 
last 3 years, 56 kg P/ha were applied each year, and the average M3P value was 129 mg/kg. 
This M3P is six times greater than values needed for optimizing com yield. Obviously this 
management is a very poor nutrient management strategy, especially when chisel plowing is 
used and slopes range from 4-18%. The combination of high soil P levels, continued P 
applications, and chisel plow tillage on highly erodible land makes this field at high risk of 
delivering large amounts of P to the lake. 
Soil Phosphorus Assessment by Agronomic and Environmental Soil Tests 
The descriptive statistics of the 332 soil samples collected from fields of the 
watershed are summarized in Table 3. The amount of P extracted varied greatly between 
soil test methods and across the watershed. The M3P test extracted the largest amount of P 
and ranged from 2 to 395 mg/kg with a mean of 40 mg/kg. The WP test extracted the 
smallest amount of P with a range of 2 to 68 mg/kg and an average of 8 mg/kg. The 
differences between amounts of P extracted by the P tests was expected because the tests 
only extract a small proportion of the total P in the soil and have large differences in 
extraction mechanisms. The BP test, the most widely used agronomic soil test in Iowa, 
extracted similar amounts to the M3P test except in high pH soils (>7.2); in high pH soils 
the BP extracted much less P than the M3 P. This result has been found in other Iowa 
research which has shown that the M3P usually extracts similar to or only slightly higher 
amounts of P than the BP test, except when soils have high pH and calcium carbonate 
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content (Mallarino, 1997). Furthermore, this study showed high correlations between the 
M3P and OP tests across a wide range of soil pH and calcium carbonate content. The results 
suggest that the BP test should not be used to assess soil P fertility in many fields of this 
watershed in order to avoid unneeded P application. Determining the best soil fertility test 
for an area is an important step in reducing P transport to impaired water bodies. 
The correlation coefficients between the M3P, OP, and FeP tests were very high and 
ranged from 0.96 to 0.97 across samples (Table 4). Correlation coefficients involving the 
BP test were variable, usually lower, and ranged from 0.88 with the WP test to 0.92 with the 
M3 test. The correlation coefficient for the WP and FeP tests (both environmental P tests) 
was high (0.96). The BP test, as stated previously, probably had lower correlation 
coefficients with other tests due to the high pH in surface soils of the area. Of the 332 
samples analyzed from the watershed, 109 had a pH higher than 7 .2. Correlation 
coefficients in Table 4 that included only soils with a pH less than 7 .2 showed higher 
correlations for the BP test. The intermediate and variable correlations for the WP test 
across all soils confirms that this test extracts different P fractions than other tests and may 
provide a different assessment concerning estimates of P loss from the fields with surface 
runoff and tile drainage. Overall, the correlations were very high considering the large 
variability in organic matter, pH, calcium, and other soil properties in the watershed. 
Distribution of Soil Test Phosphorus Throughout the Watershed 
Table 5 shows the distribution of fields into agronomic classes based on 
recommendations for P fertilization for the corn and soybean rotation in Iowa. On a field 
basis, soil P ranged from 2 to 104 mg/kg for the OP test, 1 to 222 mg/kg for the BP test, and 
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6 to 296 mg/kg for the M3P test. The proportion of fields testing in the high or very high 
class was 46% for the OP test, 70% for the Bray test, and 83% for the M3 test. Iowa State 
University recommends no P fertilization for fields testing high or very high. Soil test 
summaries of samples submitted by farmers from the two counties surrounding the lake to 
the Iowa State University Soil and Plant Analysis Laboratory show that soil test P values 
have increased markedly during the last four decades. The samples testing high or higher 
(when using the BP test) were 16% of the samples submitted in the 1960s and increased to 
58% in the late 1980s (Voss, 1968; Killorn et al., 1999). More recent soil test summaries for 
these two counties have not been published yet. Although the data from our survey and 
county summaries cannot be directly compared, results suggest that high-testing soils have 
increased further because 70% of the fields surveyed tested high or higher when the BP test 
was used. 
The five tests tended to identify high P testing areas throughout the watershed 
similarly, and an example of the interpolated map for the M3 test is shown in Fig.2 ( other 
soil tests showed similar results). Average soil test P values for 12 basins are shown in 
Table 6. For example, M3P interpolated averages of the agricultural basins ranged from 33 
to 54 mg/kg with all areas falling into the very high soil test class. Percentage of the 
agricultural basins with M3P values >40 mg/kg (twice the optimum) was calculated using 
Arc View GIS. Mehlich-3 soil test values >40 mg/kg were found abundantly throughout the 
watershed and ranged 16 to 79% for each basin. This is an indication that uneven, and 
sometimes excessive, P fertilization has and/or is occurring in the watershed. Mehlich-3 soil 
P values greater than 100 mg/kg, five times the optimum levels, were more sparsely found in 
the watershed and the most prominent area bordered the Ventura Marsh in the northwestern 
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part of the watershed. The area directly bordering the marsh, in particular shows higher P 
levels than elsewhere in the watershed. Analysis of all soil samples taken within a 350 m 
radius of the marsh showed that 50% of these samples had M3 values >40 mg/kg and 16% 
had values > 100 mg/kg. High soil P values can be linked to excessive P applications on the 
north side of the marsh and although management history was not available on the south and 
west sides, it could be speculated that soil P in this area is also due to over application of P. 
These data may explain the finding that the Ventura marsh is a source of P to the lake 
(Downing et al., 2001). 
Phosphorus Concentration in Water from Five Agricultural Basins 
Phosphorus loss estimates for five agricultural basins are summarized in Table 7. 
The average monthly P concentration in water discharge was 410 ug/L and ranged from 59 
to 1263 ug/L. The two largest spikes in concentration occurred in February of each year, 
which coincided with snowmelt. Concentrations in flow were lowest in the late fall and 
winter months (November-January) while concentrations during the growing season (April-
October) fluctuated from 200 to 500 ug/L. The relatively high concentrations entering the 
lake from the agricultural areas of the watershed during snowmelt are likely due to the 
domination of losses from surface runoff at this time. Gangbazo et al. ( 1997) found 90% of 
water movement in the form of runoff during snowmelt while 92% of water flowed through 
subsurface drainage in early spring (April-May). Research in Iowa has shown relatively low 
P concentrations(<50 ug/L) in subsurface drainage water (Baker et al., 1975; Klatt et al., 
2001) which is thought to be due to the ability of surface and subsoils to retain P. 
A wet spring and summer (April-July) in 1999 accounted for 50% of the estimated 
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total Ploss across the five basins during the 2-year study. Phosphorus losses in February of 
1999 and 2000, where concentrations were the highest, accounted for 23% of the total loss 
over the course of the study. Gangbazo et al. (1997) found 70% of annual P loading 
occurring from late March to mid-May during snowmelt and early spring and our data 
suggests similar results. The annual P loading that occurred from February-July was 70% in 
the first year and 86% in the second year. This five month period encompasses the 
snowmelt period, the months with highest rainfall, and the time when crops are not fully 
established ( com and soybean canopies do not completely cover the ground until the middle 
of July). The first half of the study was wetter than normal while the second half of the 
study was drier than normal, which caused major differences in the amount of P exported 
between years. A dry spring and summer (April-July) in 2000 provided relatively low P 
loading (24%) compared to the wet spring and summer in 1999 which provided 50% of the 
P loss over the two years. 
Relationship between Soil Test P and P Concentration in Water Discharge from Five Basins 
The estimates of P in soil and water provided enough information to study the 
relationship between soil P and P concentration across the five agricultural basins (Fig. 3). 
A linear relationship was found between the P extracted by the five soil tests ( area-weighted 
averages) and the 2-year average P concentration in water. The BP test had the highest 
correlation coefficient (0.87) followed by the FeP test (0.85), while the WP, OP, and M3P 
tests had correlation coefficients of 0.73, 0.75, and 0.80, respectively. Study ofrelationships 
for the period of high P loss maintain the linear trend with a different slope while during 
times of low flow, the trend is not apparent (not shown). Relationships for total P loss are 
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not shown because relationships were essentially the same. Because rainfall was assumed to 
be the same for all basins and due to the way flow was estimated, the total P concentration 
dominated differences in P loss. Research based on small field plots and in-house rainfall 
simulators has shown linear or slightly curvilinear (higher Pin water at high STP) 
relationships between soil P and P in water (Sharpley, 1995; Pote et al., 1996; Pote et al., 
1999). However, little information has been published for evaluations at the watershed 
scale. Data from watershed scale studies like this should be interpreted with caution, but 
provide an useful assessment. Differences in other factors relevant for P loss among the 
basins could partly explain these relationships. However, the management history available 
suggested no clear differences between basins concerning management practices. Although 
much variation is expected over time, both within basins and across basins, the relationship 
between soil test P and TP in runoff seen in this study is meaningful and clearly shows the 
impact of high soil test P on P loss. 
CONCLUSIONS 
Soil P and lake water P concentrations have both increased markedly during the last 
30 years. One-third to one-half of the fields (depending on the P test used) tested very high 
according to Iowa State University interpretations for agronomic soil tests. Large areas of 
the watershed had soil P levels twice optimum levels for crop growth. The survey of 
management practices showed little conservation tillage and unneeded P applications to 
many fields. Phosphorus concentrations in water discharge averaged 0.41 mg/Lover the two 
years of the study. The largest P losses occurred from February to July, which suggests that 
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agricultural soils are most vulnerable to P loss during snowmelt and high rainfall periods 
before the crop canopy is fully developed. A linear relationship between soil test P and 
average total P concentration in water discharge from five agricultural basins indicates the 
importance of keeping soil P levels at or below the optimum range for crop growth in order 
to minimize P loss from fields. A reduction in P fertilizer application to high-testing areas 
and improved soil and crop management practices would contribute to reducing P loss from 
the agricultural areas of the Clear Lake watershed. 
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Table 1. Selected soil test values for the surface 15-cm layer of soils of the Clear Lake 
agricultural watershed ( calculated from means of each field). 
pH K Ca Mg Organic Matter 
-------------------- mg/kg ----------------- g/kg 
Mean 6.6 173 3290 384 57 
Median 6.6 173 2818 368 49 
Minimum 5.0 71 656 131 14 
Maximum 8.1 502 8016 847 228 
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Table 2. Summary of field information for the Clear Lake agricultural watershed. 
Practice Area Percent area 
ha % 
Primary tillage 
Chisel/Disk 803 48 
Moldboard plow 119 7 
No-Till 342 21 
Ridge-Till 294 18 
Other or unknown 93 6 
Cropping System 
Alfalfa, pasture 79 4 
Continuous com 108 7 
Com-soybean rotation 1477 89 
Method of P Fertilization 
Fall injection/incorporation 715 43 
Spring injection/incorporation 278 17 
Fall left on top 286 17 
Spring left on top 215 13 
No P applied 141 8 
Unknown 28 2 
Manure History 
No manure 1480 89 
Manured 183 11 
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Table 3. Soil test results for soil samples collected throughout the Clear Lake Watershed 
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Table 4. Correlation coefficients between amounts of P extracted by five soil P tests from 
332 soil samples collected throughout the Clear Lake watershed. 
Soil P test 
Bray-1 P 
Mehlich-3 P 




Iron oxide P 
Water P 
Olsen Bray-1 Mehlich-3 Iron oxide 
------------------- Correlation coefficients -----------------
Entire pH range of 4.8 to 8.2 
0.89 
0.96 0.92 
0.96 0.88 0.97 
0.93 0.91 0.95 0.96 
Samples with pH less than 7 .2 
0.97 
0.97 0.99 
0.96 0.96 0.97 
0.93 0.95 0.95 0.97 
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Table 6. Average soil test P values for 12 agricultural basins of the Clear Lake watershed .. 
Basin Sam12les Area Soil Test! 
BP OP M3P FeP WP M3P>40 mg/kg 
ha --------------------- mg/kg --------------------- % 
2 85 535 32 16 40 24 7 39 
3 24 216 46 25 54 31 10 79 
4 31 320 22 12 34 21 7 20 
5 47 289 28 14 34 21 6 30 
6 14 74 45 20 46 28 9 61 
7 9 75 44 21 51 29 9 59 
8 11 84 30 15 33 20 6 16 
9 7 66 32 14 33 21 8 17 
10 9 43 52 22 54 35 11 46 
11 24 159 32 19 45 27 8 58 
12 30 226 33 19 39 24 7 30 
13 15 118 34 18 39 26 8 32 
t BP= Bray-I, OP= Olsen, M3P= Mehlich-3, FeP= iron-oxide strip, WP= water extractant. 
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Table 7. Precipitation, water P concentrations and P losses for five basins during the study 
period. 
Total P P Loss 
Year Month Preci_Q. 2 3 4 5 6 2 3 4 5 6 
cm -------------- ug/L --------------- --------------- g/ha ---------------
1998 Aug 14.0 372 606 314 332 338 286 478 348 253 94 
Sep 4.6 691 242 330 209 671 145 62 161 52 61 
Oct 8.8 185 127 100 150 124 89 63 60 72 22 
Nov 2.8 150 135 90 130 150 23 21 17 20 8 
Dec 1.0 237 179 213 205 190 22 17 19 19 6 
1999 Jan 3.6 198 63 64 60 62 23 
Feb 4.1 817 550 502 441 300 209 248 161 90 
Mar 3.2 595 311 343 337 173 93 81 97 56 
Apr 20.8 186 201 176 158 209 231 158 176 98 
May 19.2 388 259 396 365 273 405 244 334 379 104 
Jun 13.1 411 499 219 351 245 291 362 373 247 63 
Jul 28.3 319 894 343 388 398 131 418 198 161 57 
Mean 10.3 379 364 275 279 299 178 189 171 142 57 
Total 123.5 2137 2262 2057 1699 682 
Aug 5.5 160 545 173 265 290 12 41 19 20 8 
Sep 5.5 158 1088 230 196 245 3 18 6 3 1 
Oct 2.8 145 138 144 219 866 4 1 6 2 3 
Nov 1.9 780 393 377 481 423 3 2 3 3 1 
Dec 1.9 256 148 59 85 466 43 26 41 14 28 
2000 Jan 2.7 214 142 53 36 62 21 42 
Feb 4.1 1158 980 1263 672 654 431 377 536 249 88 
Mar 3.1 121 150 84 98 13 20 22 9 4 
Apr 4.3 365 332 386 383 413 38 34 48 39 16 
May 12.1 138 179 184 153 421 41 52 120 45 46 
Jun 13.2 367 479 283 842 382 61 80 28 138 23 
July 14.3 206 785 238 251 301 92 72 60 56 71 
Mean 6.0 339 474 317 330 414 66 63 79 50 28 
Total 71.4 794 759 951 599 331 
- No sample taken during month. 
s 
* Water sample sites 
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Figure 1. Soil sample points, water sample points, and basin identification 
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CHAPTER 3: SOIL PHOSPHORUS TESTING IN RELATION TO PHOSPHORUS LOSS 
FROM MANURED FIELD PLOTS 
A paper to be submitted to the J oumal of Environmental Quality 
J.G. Klatt, A.P. Mallarino, J.L. Baker, C.H. Pedersen, R.S. Kanwar and J.C. Lorimor 
ABSTRACT 
Excessive liquid swine and poultry manure application can increase P export to 
water resources. The impact of various rates and methods of application of manure on soil P 
and P losses with surface runoff and subsurface drainage were studied using rain-fed field 
plots established mainly on Clarion (Typic Hapludoll) and Nicollet (Aquic Hapludoll) soils. 
Soil and water samples were collected in 1999 and 2000 from a liquid swine manure study 
established in 1995 and a poultry litter study established in 1998. Soil P was measured with 
agronomic or environmental tests. Phosphorus loss with surface runoff was measured in the 
swine manure study, and P loss with tile flow was measured in both studies. Manure 
application rates that supplied the N needs of com (Zea mays L.) or twice that amount 
increased soil P levels above optimum levels for the com-soybean (Glycine max L. Merr) 
rotation. Soil P increases were much greater in the poultry study because the P applied with 
the poultry litter was three to four times the P applied with swine manure for a similar N 
rate. Comparison of swine manure application methods showed that injection reduced soil P 
levels in the surface 5 cm of soil compared with broadcast application. Soil tests at the 
poultry site, where manure was broadcast, detected P increases in the 15-30 cm subsoil layer 
resulting from the high rate of manure. Increasing rates of swine manure increased total 
dissolved P (TDP) and total P (TP) loss with runoff. Increasing rates of swine and poultry 
35 
manure applications tended to increase P loss with tile drainage but increases were not 
statistically significant. Bray-I (BP), Olsen (OP), Mehlich-3 (M3P) agronomic tests and 
iron-oxide impregnated strip (FeP), water extractable (WP), and P saturation (Psat) 
environmental tests were highly correlated in both sites. The TDP in surface runoff from the 
swine manure plots increased exponentially when soil P increased. Dissolved reactive P 
(DRP) in tile drainage was <0.07 mg/Lin both sites, and was not correlated to surface soil P. 
Measured P loss showed very small loads of P transported through subsurface tiles, larger 
loss of dissolved P through surface runoff, and much larger loss of particulate P through 
sediment loss. 
INTRODUCTION 
Animal manure can supply N, P, and other nutrients for crops. However, due to its 
relative nutrient concentrations, continued application rates that supply N needs for com 
often result in P accumulation in soils, especially with continuous com. Additionally, the 
increasing size and concentration of feeding operations across the country limit land 
application options in some areas. In North Carolina for instance, Baker and Zublena (1995) 
reported that animal manure could sufficiently supply up to five times the crop P needs for 
the state. The imbalance of P inputs/outputs in areas with concentrated livestock farming 
often makes it difficult to maintain low levels of P in soil, and in these areas soil P levels are 
likely to be much greater than what is necessary for crop growth. Increases in soil Pas the 
result of excessive manure applications increases the risk of Ploss from fields and 
accelerated eutrophication of surface waters (Schindler, 1977; Taylor and Kilmer, 1980). 
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Phosphorus indices across the country have recognized that P loss to surface water 
depends on source factors such as soil test P (STP), rate, method, and timing of P 
application as well as transport factors such as erosion, runoff potential, and subsurface 
drainage tiles (Lemunyon and Gilbert, 1993; Mallarino et al., 2001 ). Due to the reactive 
nature of Pin soils and the low solubility of Pin water, the largest losses of P with surface 
runoff from cropland are generally associated with soil particles. Cox and Hendricks (2000) 
found a direct relationship between sediment and total P concentrations in runoff. Research 
emphasis has been placed on DRP because it readily influences algae growth in freshwater 
aquatic systems. Studies have shown that DRP in surface runoff increases with increasing 
STP. However, the slope of the relationship varies greatly across sites (Sharpley, 1995; 
Sharpley et al., 1996; Pote et al., 1996; Pote et al., 1999). This variation occurs due to 
site-specific soil properties that affect P sorption capacity and site hydrology. 
Due to its reactive nature in the soil, P has long been thought of as immobile and 
therefore losses through the soil profile have been thought to be minimal. However, 
research shows that excessive P application and the installation of artificial drainage in many 
areas of intense livestock production can increase the risk of significant P leaching both 
through the soil profile and into drainage waters (Sims et al., 1998). Novak et al. (2000) 
found Mehlich-3 soil Pas high as 151 mg/kg at depths of 107 cm, as well as increased DRP 
in groundwater after 10 years of swine manure application. Recent research has shown 
evidence of a change-point, a STP concentration at which significantly larger concentrations 
of P occur in tile waters as STP increases (Heckrath et al., 1995; Hesketh and Brooks, 2000; 
McDowell and Sharpley, 2001 ). 
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Many environmental soil P tests are being used to assess soil P fractions that may be 
better related to P lost to surface waters. The iron-oxide impregnated paper strip test, 
developed by Menon et al. (1989) and later used with minor modifications by Sharpley 
(1991, 1993) and others, uses a sink approach to extract only loosely bound P that may be 
available to aquatic organisms. The WP test provides an estimate of P that may be 
potentially lost when the soil comes in to contact with water. Phosphorus saturation indices 
have also been used as alternatives to traditional soil tests; Beauchemin and Simard (1999) 
provide a review of the use of these indices. These indices are often expressed as a ratio of 
extractable P and extractable Fe and Al (P/(Fe+Al)). Saturation tests take into account not 
only the P level of the soil, but also capacity of the soil to retain P. 
High concentrations of Pin drainage waters have not been observed in Iowa field 
research plots, although little research has been conducted. In a 3-year study of the nutrient 
content of subsurface drainage, Baker et al. (1975) found relatively low (0 to 0.038 mg/L) 
DRP. The objectives of the research reported here were to determine the effect ofliquid 
swine and poultry manure applications to rain-fed field plots on soil P evaluated by 
agronomic and environmental soil tests and on P losses with runoff and subsurface drainage. 
MATERIALS AND METHODS 
Soil and water samples were collected in 1999 and 2000 from two field trials already 
established at the Agronomy and Agricultural Engineering research center located in Boone 
County, Iowa. Soil characteristics and selected soil properties are shown in Table 1. The 
trials originally were designed to study the impact of liquid swine manure or poultry litter 
applications for the com/soybean rotation on N losses with surface runoff and/or subsurface 
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drainage. Both sites had subsurface drainage collection devices (tiles), while the swine 
experiment also collected surface runoff. Additional soil and water measurements were 
conducted, since 1999 to assess the impact of manure application on soil P and P 
concentrations in runoff or tile water, which are reported here. 
The swine manure study was established in 1995 and treatments were various rates, 
methods and timings of liquid swine manure applications. The study site was predominantly 
on a Clarion soil. Each plot was 7.6 x 22.9 min size and was subdivided to plant com and 
soybean each year. The crops were rotated yearly, and manure treatments were applied only 
to the half that was going to be planted with com. The com stubble of each plot was chisel-
plowed in the fall (in November) and both crop residues were disked before planting. Eight 
treatments and three replications were arranged in a complete randomized block design ( an 
additional treatment not relevant for the objectives of this study was not included). The 
treatments were four manure placement-timing nonfactorial combinations and two manure 
rates. Manure was injected in the fall (November) or spring (April) or was broadcast in the 
late winter (before frost was gone). The spring and one fall injection treatment involved 
equipment currently used by farmers. One additional fall injection treatment involved an 
experimental residue conserving manure injector that caused less soil disturbance. The 
liquid swine manure rates were calculated to apply 168 kg/ha or 338 kg/ha available N for 
com based on a total N analysis of the manure. The treatments and the amount of total P 
applied with the manure are listed in Table 2. Although the manure was collected from the 
same underground pit, large and largely unexplained differences in relative N - P 
concentrations of the manure used at different times caused large differences in the P applied 
across application dates. 
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The poultry manure study was established in 1998 on an area with Clarion and 
Nicollet soils. Treatments were an unamended control and two rates of layer poultry litter. 
Each plot, about 0.4 ha in size, was divided in half and com and soybean were rotated over 
time. The manure was applied in spring to the soybean residue at rates that supplied rates of 
168 kg N/ha and 336 kg N/ha and was incorporated by disking immediately after 
application. Table 3 provides the rates of total P applied during the course of the study 
based on the manure analysis. No P fertilizer was applied to the control during the study. 
As expected, due to a smaller N:P ratio of poultry litter, the P applied was much higher than 
in the swine manure study. Large differences in the N :P ratio across years was also apparent 
in this study. The com stubble was chisel-plowed in the fall, and all plots were disked or 
field cultivated in the spring before planting. Treatments and replications (three for the 
manure treatments and four for the control) were arranged in a completely randomized plot 
design. 
Both sites had subsurface tile drains installed down the middle of each plot. Each 
tile drained both the com and soybean sides of each plot. Automated sampling devices 
collected water samples on a weekly basis. Detailed information regarding the construction 
of the sumps and subsurface drain water sampling procedures were described by Kanwar et 
al. (1988). Tile water samples were collected from the onset of tile flow all through the 
growing season until flow subsided. Additionally, runoff capturing devices were installed 
on each plot in the swine manure plots. Collection pipes were assembled on the downslope 
side of each plot and drained into large stock tanks where samples were collected after each 
rainfall event. Earthen berms around and between the plots prevented surface runoff from 
entering and from crossing plots. 
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Composite soil samples were collected from all plots in early June when crops had 
two to three fully developed leaves. At the poultry manure site, samples were collected from 
a 0-15 cm depth. Due to the collection of runoff at the swine manure site, samples were 
collected from both 0-5 and 5-15 cm depths. All samples consisted of 10-15 cores and were 
oven dried, crushed, and passed through a 2 mm sieve before all physical and chemical 
analysis. Although soil samples were collected and analyzed separately from each crop half 
of each plot, averages across the plot halves were used to assess treatment effects on soil and 
water P content because runoff or tile water was collected without distinction of the crop and 
both the crops and manure applications alternated plot sides over time. Soil P was evaluated 
by the BP, OP, M3P, FeP, and WP tests. The FeP test as described by Menon et al. (1989) 
was used and the WP test followed the procedure described by Pote et al. (1996). An 
estimate of soil P saturation was also obtained in surface samples using available P, Fe, and 
Al extracted by the M3P extractant and calculating the molar ratio M3-P/(M3-Al+M3-
Fe )* 100. Deep soil samples were collected from the com half of each plot in the fall of 
2000 at both sites. Cores were divided into depths of 0-15, 15-30, 30-60, 60-90, and 90-120 
cm and were analyzed for P by the BP, OP and M3P tests at the swine manure site and only 
for the BP test at the poultry site. 
Unfiltered surface runoff and subsurface drainage samples from the swine manure 
site were digested for total P using a persulfate digestion method (American Public Health 
Association, 1994). Total dissolved Pin the swine manure site was determined by filtering 
samples through a 0.45 um filter and digesting by the same method. Dissolved reactive P 
was measured in the subsurface drainage of both sites by filtering samples through a 0.45 
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um filter. All extracts were analyzed colorimetrically by the molybdate-ascorbic acid blue 
method (Murphy and Riley, 1962). 
RESULTS AND DISCUSSION 
Effect of Liquid Swine Manure on Soil Test Phosphorus 
Soil test P data for the 0-5 cm soil sampling depth are shown in Table 4. The 
treatments influenced soil P measured by all methods in both years. Orthogonal 
comparisons showed that the late-winter broadcast manure produced significantly higher soil 
P measured by all tests than the other treatments. This was likely due to the tendency of P to 
accumulate in the surface layer even when it is incorporated by chisel plowing and shallow 
disking. There were no significant differences between the two fall injection methods. The 
spring injection method increased (P<O.l) soil P more than the fall injection in 1999, but 
similar trends were observed in 2000. This result could be explained by a higher rate of P 
applied with the manure in the spring (Table 2) as well as higher P extraction by the soil 
tests when there was a shorter time between the application and the soil sampling. The high 
rate of manure application always produced significantly higher soil P levels than the low 
manure rate ( except for the BP test in 1999). A significant interaction between application 
method and manure rate existed for all tests. Data in Table 4 show that only the broadcast 
application produced significantly higher STP for the high rate compared with the low rate. 
This result shows that injected manure, even at high rates, produced little increase of soil P 
at the soil surface, which could reduce P loss with runoff. However, a small increase in STP 
indicates that continued injection of high rates of manure can also increase surface soil P 
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over time. Phosphorus saturation ranged from 2-9% and 4-14% across treatments for 1999 
and 2000, respectively. This suggests that despite high STP (from an agronomic 
perspective), Psat was fairly low and that these soils could retain significantly larger 
amounts of P. However, this also suggests that long-term manure applications at these rates 
would eventually increase P saturation increasing the risk of P loss to water resources. 
Data for the 5-15 cm depth (Table 5) show that the high rate of manure application 
created higher STP values than the low rate across all placements. In contrast to results for 
the 0-5 cm depth, the interaction of placement-timing by manure rate never was significant. 
Although all treatments increased STP values at the 5-15 cm depth, the spring injection of 
manure increased STP more than the fall injection and broadcast methods. In 2000, the BP 
and FeP tests did not detect placement differences, and other tests did only at P<O. l, which 
could be explained by the higher STP levels and variability this year. The difference 
between injected and broadcast placements was expected due to a deeper placement of the 
manure with injection treatments. The higher STP values for the spring injection treatment, 
as discussed earlier, could be explained by both the larger amount of P applied with the 
manure and more P extraction due to a shorter time between application and sampling. 
Current recommendations for P application as well as for the P index in Iowa are 
based on a 0-15 cm soil sample depth. It is therefore beneficial to discuss STP averages of 
the two depths although these data are not shown. The high manure rate always produced 
higher STP than the low rate. The broadcast and spring injected manure placements 
produced higher STP than the fall injection, probably due to aspects discussed earlier. By 
the year 2000, the low rate of swine manure had created 0-15 cm soil BP values of 31, 31, 
and 42 mg/kg for the fall injection, late winter broadcast, and spring injection, respectively. 
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The higher rate produced soil BP values of 50, 63, and 61 mg/kg for the same placement 
treatments. These values are all much greater than optimum levels for com and soybean 
production in Iowa (16-20 mg/kg), and suggest that Pis over-applied to these areas even 
when manure is applied at N rates needed for one com crop (the low rate used in this study) 
and no manure is applied for the soybean in the rotation. 
Effects of Poultry Litter Applications on Soil Test P 
Data in Table 6 show a significant effect of the poultry litter applications on STP 
measured by all methods in both years. In 1999, the high rate of manure application resulted 
in significantly higher soil P values than the low manure rate for all tests. However, in 2000 
soil P levels were significantly different for only four of the six tests used. The OP and WP 
tests did not detect a statistically significant increase, probably due to the small increasing 
trend and lower P extraction. Fewer statistical differences between the soil tests in 2000 
may also be explained by large variability in the application of the poultry litter or in the soil 
sampling. This variability was also apparent when comparing treatment effects, as plots had 
highly variable responses to the manure application particularly at the high rate. Application 
of poultry litter at N based rates for com increased soil P levels above optimum levels for 
com and soybean production. Phosphorus saturation was 5% and 9% in 1999 and 9% and 
13% in 2000 for the low rate and high rate of manure, respectively. As discussed earlier, 
despite high soil P levels, Psat was low suggesting that these soils could retain more P. 
However, continued application at these rates would eventually saturate the soil with P 
increasing risks of P loss to water resources. 
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Correlation Between Phosphorus Extracted Agronomic and Environmental Tests 
Data in Table 7 and Table 8 show high correlation between P extracted by agronomic 
and environmental tests for both the swine and poultry manure studies. Correlation 
coefficients between the agronomic and environmental tests ranged from 0.91 to 0.99. 
Some comparisons involving the environmental tests in the swine manure study had 
significant curvlinear relationships (higher P extraction by environmental tests at high P 
levels), however the quadratic term explained less than 2% of the variability over the linear 
trend. Correlations were also very high when calculations were done across the two sites 
(Table 9). The high correlation may be explained by similar soil properties within each site, 
and suggest that while tests are extracting different amounts of P, all are assessing P 
similarly. High correlations between agronomic and environmental soil tests have been 
observed in previous research (Menon, 1990; Sharpley, 1991). Kleinman et al. (1999) also 
found STP and Psat highly correlated. Results suggest that environmental tests will likely 
provide little or no improvement over agronomic tests when assessing the risk of P loss from 
fields under conditions similar to those in this study. 
Effect of Liquid Swine Manure and Poultry Litter on Subsoil P 
Figure 1 shows the deep profile of STP for the swine manure treatments measured in 
fall 2000. The treatments applied until that year did not produce statistically significant 
differences in soil P levels for any of the tests at any depth other than of the surface soil ( as 
was previously discussed). The BP and OP profiles show very little variation at any depth, 
but, the M3P had high variability at depths lower than 60 cm. The plots that had high M3P 
values did not receive the high rate of manure, which suggests that these high levels were 
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not related to the treatments. The difference between the BP and the M3P tests at these 
depths can be explained by high subsoil pH (calcareous) because the BP typically does not 
perform well in calcareous soils (Mallarino, 1997). The M3P test, like the BP test, is an acid 
extractant, but is better buffered, and may have extracted more P from the calcareous 
subsoils. The OP test on the other hand, extracts some P bound to free CaC03 and slightly 
soluble calcium precipitates. 
Figure 2 shows the deep profile of BP for the poultry litter treatments in the fall 
2000. Soil P of the top 15-cm layer of soil was markedly affected by the treatments, and 
STP at the15-30 cm depth was significantly greater for the high rate of manure. This result 
suggests that P is leaching below the plow layer as the result of excessive manure 
application. The higher P application rates and surface soil P values (relative to the swine 
study) may be the reason an increase in Pis detected below the plow layer in this study and 
not at the swine study. The STP was not statistically different between treatments below 30 
cm. Although P is considered an immobile nutrient in soil, P leaching and accumulation 
below the plow layer has been observed in some situations. King et al. (1990) and Novak et 
al. (2000) reported increased soil P below the plow layer due to high applications of manure. 
Additional cases of significant P leaching were reviewed by Sims et al. (1998). Significant 
P leaching usually resulted from greater surface soil P values than those in this study and/or 
lower P retention capacities of the soils. 
Effects of Liquid Swine Manure on Surface Runoff Phosphorus 
Precipitation for 1999 and 2000 was 102 and 68 cm, respectively. The drier than 
average year in 2000 produced no runoff for most plots and therefore only data from 1999 
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was summarized. Table 10 summarizes concentrations of TDP and TP in runoff for each 
treatment over the entire season. The first runoff event occurred on April 9 and the last 
occurred on September 10, with a total of 14 runoff events occurring during the season. 
Total dissolved P ranged from 0.03 to 3.9 mg/L, while TP ranged from 0.07 to 15 mg/L 
across all treatments and runoff events. Total P concentrations in runoff samples were two 
to eight times greater than TDP suggesting that sediment bound P was the dominant form of 
P leaving the field. Particulate P dominance of P export has been shown in previous work 
(Barisas et al., 1977; Johnson et al., 1979; Vaithiyanath and Correll, 1992) and is likely due 
to the reactive nature of P in soil. Total dissolved P was significantly greater for the 
broadcast treatments than for all other treatments, which can be explained by the higher STP 
observed for the broadcast treatments in the top 5 cm. The TP concentrations were lower for 
the injected plots compared to the broadcast plots. This result suggests that the injection 
process in our study did not create large increases in erosion and sediment-bound P losses 
with surface runoff. The increased soil disturbance due to injecting manure, while reducing 
surface soil P could increase particulate P loads to water bodies. The results from our study 
could be explained by the chisel-plow tillage done across all treatments. 
Volume of surface runoff was not measured directly during the study. However, to 
compare the amount of P lost through surface runoff and subsurface drainage, runoff 
volumes were estimated based on the Iowa P index. The Iowa P index uses the assumption 
that 50% of rainfall doesn't generate runoff and uses a runoff curve number to estimate the 
amount of runoff generated given half of the precipitation (Mallarino et al., 2001). The 
runoff curve number used for these plots was 80 which approximated that 43.5% of rainfall 
would runoff. This resulted in an estimated 23 .1 cm of runoff from each plot. Although 
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these estimates are not absolute, they give an approximation of comparative P loss from the 
treatments. Estimated losses of Pare listed in Table 10. Total dissolved P losses from the 
treatments ranged from 0.63 to 2.46 kg/ha while TP losses ranged from 2.6 to 7.0 kg/ha. 
Total dissolved P and TP losses were significantly greater for the high broadcast manure rate 
than for other treatments. This was due to the significantly higher surface STP and P 
concentrations in runoff observed for this treatment. 
Effects of Liquid Swine Manure and Poultry Litter on Subsurface Drainage Phosphorus 
Dissolved reactive P and TP average concentrations in subsurface drainage from the 
swine manure site are summarized in Table 10. The low rate of injected manure produced 
significantly greater DRP and TP concentrations than the other treatments, although the 
difference is explained by one plot that had consistently higher values than all other plots. 
Dissolved reactive P for this plot averaged 0.18 mg/L over the season compared with 0.03 
mg/L across all other plots. The reason for these high concentrations could not be 
determined, and removal of this plot made all treatments statistically similar. Beauchemin et 
al. (1998) found significant amounts of dissolved organic and particulate P in drainage 
waters. Our results suggest that may have occurred in this study as well because 44 to 78% 
of the TP in tile water was in the DRP fraction. Concerning TP loss, after data for the plot 
discussed earlier was dropped, there were no differences between treatments. This result 
could be explained by the lack of TP concentration differences among treatments and by 
large variation in the amount of flow within each plot. The flow across plots ranged from 19 
to 69 cm and shows how much variation in flow can exist even within small areas. 
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The application of poultry litter did not increase (P<O. l) P concentration or P loss 
in tile drainage for the 1999 growing season. In 2000, there was very little or no flow and 
results are not discussed here. Total P was not measured in tile water samples however. 
Season average DRP concentrations were 0.02, 0.01, and 0.04 mg/L for the no P, low 
manure rate, and high manure rate, respectively, but these differences were not statistically 
significant (P<0.1). Dissolved reactive P losses were 28, 12, and 48 g/ha for those same 
treatments. The low loss of P and the lack of statistical differences probably were due to the 
low DRP concentrations in combination with variability in water flow. Despite the 
relatively small size of the plots (0.4 ha plots) there were sizable differences in flow between 
plots (11 to 22 cm). 
Phosphorus losses through tile drainage are usually small due to the reactive nature 
of Pin soil. There have been, situations however, where significant P loads occur through 
tile drainage. Sims et al. (1998) sited several studies in which high P concentrations in tile 
water were observed, and they cited sandy and organic soils as two conditions likely to result 
in elevated P in tile waters. Hesketh and Brooks (2000) found increased P concentrations in 
tile water above 57 mg/kg OP in the soil and McDowell and Sharpley (2001) also found a 
change point of 193 mg/kg M3P at which higher P concentration occurred in tile water. The 
combination of relatively low STP ( <44 mg/kg OP) and low Psat ( <9%) in our study are 
likely reasons for the low P concentrations observed in tile water. Baker et al. (1975) also 
found low DRP concentrations in a study of tile water in Iowa and explained their finding by 
the retention of P by Iowa subsoils. 
Total P concentrations were on average 60 times greater in surface runoff than in 
subsurface drainage across all swine manure plots. Total dissolved P concentrations in 
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runoff averaged 17 times greater than TP in subsurface flow. Total P loads were on average 
more than forty times greater in surface runoff compared to subsurface drainage. Both 
results suggest that surface runoff was the major exporter of P in our study. Although 
surface runoff from the poultry manure site was not measured, the low P concentrations and 
losses in tile water suggest that similar trends would have been observed for this experiment. 
Relationship Between Soil Test Phosphorus and Phosphorus in Runoff or Tile Drainage 
Soil P measured by the six tests was curvlinearly related with TDP in surface runoff 
from the swine manure site (Fig. 3). Total dissolved P increased at a higher rate at higher 
STP values. The curvilinear trends explained a significant proportion of the variability 
compared with the linear trends (P<O. 001) for all soil tests. These lack of differences 
between tests suggest little advantage of using environmental tests over agronomic tests for 
predicting TDP in runoff. Dissolved P has been shown to increase with STP (Sharpley, 
1995; Pote et al., 1996; Pote et al., 1999) and our results agree with this finding. Sharpley et 
al. (1996) showed a wide range of slopes (1.44-12.47 (mg/L)/(mg/kg)) between DRP and 
STP in a review of various publications. We measured TDP, which included dissolved 
organic P as well as DRP, and therefore cannot be directly compared to these studies. 
However, the measurement of TDP rather than DRP could possibly explain the curvilinear 
relationship found at these relatively low STP values. The relationship between STP and TP 
in runoff (not shown) was linear for all soil tests, was much poorer, and the environmental 
tests did not improve the relationship. The TP measurement considers all P in the runoff, 
which is dominated by particulate P, and therefore the best measurement to predict TP in 
runoff likely is TP in soil. 
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No relationship existed (P<O.l) between STP and P concentrations in tile flow at 
either site (not shown). This result was likely due to the low P concentrations in tile water 
and indicates that the surface soil P levels observed in this study had little influence on P 
concentrations in tile flow. This explanation is supported by low Psat values ( <9%) in 
surface soil. 
CONCLUSIONS 
Increasing application rates of swine or poultry manure increased soil P measured by 
agronomic and environmental soil P tests. The method of application (which was evaluated 
only at the swine manure site) affected the distribution of P in the top 15 cm of the soil with 
the highest surface values (0-5 cm) occurring for the broadcast placement. Differences 
between broadcast and injected placement methods in increasing soil Pat the 5-15 cm depth 
were not consistent. The high rate of poultry litter increased subsoil P (15-30 cm depth), 
while P movement to subsoil was not detected at the swine manure study. The broadcast 
placement method caused significantly higher TDP in surface runoff compared with the 
injection method. Increasing application rates of manure at both sites did not significantly 
affect P concentrations in tile drainage. More than 90 % of the estimated total P lost from 
the swine experiment was through surface runoff. Injecting manure reduced surface soil P 
values and therefore decreased TDP without increasing TP in runoff. Total dissolved Pin 
surface runoff increased at higher rates at high STP values, and relationships were similar 
for agronomic or environmental soil tests. Relationships between soil P measured by any 
test was not significantly related to P concentration in tile drainage, probably because of 
minimal losses of P through the soil profile in the conditions of this study. 
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Table 1. Selected soil properties for study sites. 
Surface soil (0-15cm) Subsoil (60-120 cm) 
Bulk Organic Bulk 
Site Texture Density QH matter density QH 
g/cm3 g/kg g/cm3 
Swine loam 1.4 6.9 32 1.5 8.1 
Poultry loam 1.5 6.8 43 1.4 8.0 
Table 2. Treatments used in the swine manure study. 
Treatment Manure Rate ! Method & Timing ± Amount of P a22lied 
1998 1999 2000 
------------- kg P /ha----------
1 lN Fall Inject1 30 47 38 
2 2N Fall Inject1 59 93 75 
3 lN Fall lnject2 30 47 38 
4 2N Fall Inject2 59 93 75 
5 lN Winter Broadcast 41 117 29 
6 2N Winter Broadcast 81 233 58 
7 lN Spring Inject 75 69 68 
8 2N Spring Inject 150 139 136 
t lN= Equivalent N rate to one com crop needs (168 kg N/ha). 2N= Twice the rate. Manure 
was applied only for com. 
tFall inject1 = Commonly used injecting equipment. Fall inject2= Experimental injection 
equipment. 
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Table 3. Treatments used in the Poultry Manure Study. 
Treatment Manure rate t 1998 1999 2000 
--------------- kg P / ha---------------
1 Control 0 0 0 
2 lN 108 452 240 
3 2N 222 642 458 
t lN= Equivalent N rate to one com crop needs (168 kg N/ha). 2N= Twice the rate. Manure 
was applied only for com. 
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Table 4. Soil Pat 0-5 cm soil depth measured by six tests as affected by various swine 
manure treatments. 
Soil test Pt 
Year Treatment BP OP M3P FeP WP Psat 
--------------------------mg/kg------------------------- % 
1999 1 24 10 23 13 4 3 
2 27 13 26 14 5 3 
3 21 9 21 11 4 2 
4 36 17 35 20 6 4 
5 56 29 51 30 11 6 
6 84 44 81 49 18 9 
7 35 16 34 19 5 4 
8 39 17 37 22 7 4 
Placement effect * * * * * * 
Rate effect * * * * * * 
Placement x rate ns + * * + + 
2000 1 28 14 31 15 5 4 
2 54 35 65 32 10 8 
3 25 14 32 13 4 4 
4 35 17 39 17 6 4 
5 47 25 52 23 8 6 
6 110 53 122 66 24 14 
7 34 17 40 16 5 5 
8 41 23 49 21 6 6 
Placement effect * * * * * * 
Rate effect * * * * * * 
Placement x rate * + * * * * 
* Significant at P<0.05. 
+ Significant at P<0.1. 
ns= Not significant. 
t BP= Bray-1, OP= Olsen, M3P= Mehlich-3, FeP= iron-oxide strip, WP= water extractant 
Psat= phosphorus saturation %. 
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Table 5. Soil Pat a 5-15 cm depth measured by five tests as affected by various swine 
manure treatments. 
Soil test Pt 
Year Treatment BP OP M3P FeP WP 
-------------------------mg/kg-------------------------
1999 1 28 10 25 14 5 
2 32 15 31 18 6 
3 15 6 15 9 3 
4 26 12 27 14 5 
5 20 8 21 14 4 
6 27 11 28 15 5 
7 35 14 35 20 6 
8 53 26 56 27 8 
Placement * * * * * 
Rate * * * * * 
Placement x rate ns ns ns ns ns 
2000 1 35 17 38 19 6 
2 51 28 63 31 9 
3 31 16 41 21 6 
4 54 32 60 37 10 
5 24 11 29 13 4 
6 39 18 45 22 6 
7 46 26 60 31 9 
8 71 43 85 45 14 
Placement ns + + ns + 
Rate * * * * * 
Placement x rate ns ns ns ns ns 
* Significant at P<0.05. 
+ Significant at P<O. l. 
ns= Not Significant 
t BP= Bray-1, OP= Olsen, M3P= Mehlich-3, FeP= iron-oxide strip, WP= water extractant, 
Psat= phosphorus saturation%. 
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Table 6. Soil P (0-15 cm depth) measured by six different tests as affected by various 
poultry manure treatments. 
Soil test Pt 
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* Significant at P<0.05. 
+ Significant at P<O. l. 
ns= Not significant. 





















































t BP= Bray-1, OP= Olsen, M3P= Mehlich-3, FeP= iron-oxide strip, WP= water extractant, 
Psat= phosphorus saturation%. 
Table 7. Correlation among six soil P tests for a 0-5 cm depth for the swine manure study. 
Soil Test t BP OP M3P FeP WP 
-------------------- Correlation coefficients-------------------
0 P 0.96 
M3P 0.97 0.97 
FeP 0.99 0.96 0.96 
WP 0.98 0.94 0.95 0.99 
Psat 0.95 0.97 0.99 0.94 0.92 
t BP= Bray-1, OP= Olsen, M3P= Mehlich-3, FeP= iron-oxide strip, WP= water extractant, 
Psat= phosphorus saturation%. 
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Table 8. Correlation among six soil P tests for a 0-15 cm depth for the poultry litter study. 
Soil Test t BP OP M3P FeP WP 
-------------------- Correlation coefficients-------------------
0 P 0.97 
M3 0.98 0.99 
FeP 0.97 0.98 0.99 
WP 0.95 0.97 0.95 0.96 
Psat 0.94 0.96 0.98 0.96 0.91 
t BP= Bray-1, OP= Olsen, M3P= Mehlich-3, FeP= iron-oxide strip, WP= water extractant, 
Psat= phosphorus saturation %. 
Table 9. Correlation among six soil P tests across two sites. 
Soil Test t BP OP M3P FeP WP 
-------------------- Correlation coefficients-------------------
0 P 0.95 
M3P 0.97 0.94 
FeP 0.98 0.96 0.97 
WP 0.95 0.95 0.96 0.96 
P sat. 0.94 0.96 0.98 0.95 0.90 
t BP= Bray-1, OP= Olsen, M3P= Mehlich-3, FeP= iron-oxide strip, WP= water extractant, 
Psat= phosphorus saturation %. 
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I 0.069 0.089 
2 0.020 0.030 
3 0.015 0.025 
4 0.015 0.030 
5 0.016 0.028 
6 0.023 0.030 
7 0.015 0.022 
8 0.019 0.043 
Statistics ns ns 
t DRP= Dissolved reactive P. 
t TP= Total P. 
§ TDP= Total dissolved P. 
* Significant at (P<0.05). 













TDP § TP TDP loss TP loss 
--------mg/L-------- --------kg/ha--------
0.30 1.3 0.70 3.0 
0.30 I.I 0.69 2.6 
0.32 1.3 0.74 2.9 
0.35 1.3 0.80 3.1 
0.58 1.5 1.33 3.5 
1.07 3.0 2.46 7.0 
0.27 2.1 0.63 4.8 
0.37 1.2 0.84 2.8 
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Figure 1. Soil P distribution with depth measured with three agronomic soil tests 
for the swine manure study in fall 2000. Treatments 1-8 correspond to 
fall injection low rate, fall injection high rate, exp. fall injection low rate, exp. fall 
injection high rate, winter broadcast low rate, winter broadcast high rate, spring 
injection low rate, spring injection high rate, respectively. 
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Figure 3. Relationship between soil P(0-5 cm) measured by six tests and total dissolved 
P in runoff for swine manure study in 1999. 
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CHAPTER 4: GENERAL CONCLUSIONS 
The objectives of this research were to relate soil and crop management practices and 
soil P assessed by agronomic and environmental P tests with P loss through water runoff and 
subsurface drainage. This was carried out at both the field and watershed scales. 
Application of liquid swine manure during five years and of poultry litter during 
three years at rates meant to supply the N needs of com or twice that amount, increased soil 
P above levels optimum for crop growth. This result suggests that long term use of a N 
based manure management plan for com creates excessive P levels in soils which could 
impact water resources. The injection of liquid swine manure reduced surface soil P levels 
compared to broadcast applications without enhancing soil erosion due to increased soil 
disturbance. This suggests that, at least when chisel-plow tillage is used, the injection of 
manure is a beneficial practice in areas sensitive to P losses through surface runoff. This 
study did not investigate manure injection for reduced tillage systems. Phosphorus in 
surface and subsurface water collected from the manured plots suggest minimal losses 
through subsurface tiles and that particulate P in surface runoff was the dominant form of P 
transported. Due to the less than ususal rainfall in 2000, only one year of meaningful water 
data could be summarized for this study. Additional years are needed to confirm the impacts 
of rates and methods of manure application on P losses observed in 1999. 
Clear Lake water quality has decreased during the last 30 years due primarily to high 
P loading. The survey of soil P, management practices, and P losses from the agricultural 
area of the watershed found many fields above optimum levels for crop production. The 
management practice survey suggested that P accumulation in soils of some fields was due 
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to excessive application of inorganic P fertilizers. Thus, P rates could be reduced to reduce 
P loading to the lake. Chisel or moldboard plowing was the dominant tillage practice, which 
suggests that adoption of more conservation tillage in the watershed would reduce soil 
erosion, and therefore, the transport of particulate P to the lake. Phosphorus concentrations 
in water discharge averaged 0.41 mg/Lover the two years of the study. The largest P losses 
occurred from February to July, which suggests that agricultural soils are most vulnerable to 
P loss during snowmelt and high rainfall periods before the crop canopy is fully developed. 
More research of this kind will be useful in assessing the effect of agricultural practices on P 
loading, particularly in impaired watersheds. 
Study of relationships between soil test P and P concentrations in runoff from the 
field scale study and in water discharge from the watershed-scale study showed that Ploss 
increased with increasing soil test P. The field-plot data revealed a curvilinear relationship 
(Ploss was slightly higher at high soil test P levels) that was not observed at the watershed 
scale, even though soil P levels were rather similar. Measurements of P concentrations in 
tile drainage from the field plots were low compared to concentrations in surface runoff, and 
were not related to surface soil test P values. The low concentrations of Pin tile flow were 
likely due to the low soil P saturation even though soil test P values were above optimum 
levels needed for crop production. The results suggested that under the conditions of these 
studies, P loss through subsurface drainage was several orders of magnitude less than 
through erosion and runoff. 
Use of the iron-oxide impregnated filter strip, the water extraction of soil P, and an 
estimate of P saturation showed that these environmental P tests were highly correlated with 
commonly used agronomic soil tests and that their use did not improve the relationship 
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between soil P and P concentrations in water lost from the fields. However, more research 
is needed to assess the potential of these environmental tests in soils with P levels greater 
than those observed in this study. 
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